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At high enough input power in stacks of Bi2Sr2CaCu2O8 intrinsic Josephson junctions a hot spot
(a region heated to above the superconducting transition temperature) coexists with regions still in
the superconducting state. In the “cold” regions cavity resonances can occur, synchronizing the ac
Josephson currents and giving rise to strong coherent THz emission. We investigate the interplay
of hot spots and standing electromagnetic waves by low temperature scanning laser microscopy and
THz emission measurements, using stacks of various geometries. For a rectangular and a arrow-
shaped structure we show that the standing wave can be turned on and off in various regions of the
stack structure, depending on the hot spot position. We also report on standing wave and hot spot
formation in a disk shaped mesa structure.
PACS numbers: 74.50.+r, 74.72.-h, 85.25.Cp
I. INTRODUCTION
Recently, coherent THz emission with an extrapo-
lated output power of some µW from stacks (mesas)
of more than 600 intrinsic Josephson junctions (IJJs)1–3
in Bi2Sr2CaCu2O8 (BSCCO) has been reported
4, caus-
ing a lot of interest in using these structures as tunable
generators5–26. Phase synchronization involved a cav-
ity resonance of the stack. The stacks used had much
larger dimensions (in the 100 µm range) than the few-
junction stacks investigated before. In those small sized
structures, the IJJs in the stack tended to oscillate out-
of-phase or were not synchronized at all27–30.
While, in Refs. 4,10–15, THz radiation from large
stacks was reported for relatively modest dc input power
where ohmic heating is not very severe, in Ref. 25 co-
herent THz emission was reported at high bias. Here, as
detected by low temperature scanning laser microscopy
(LTSLM), a hot spot (i.e. a region heated to above
the critical temperature Tc) forms in the mesa coexist-
ing with regions below Tc
24,25. Standing waves can be
imaged in the “cold” region. Hot spot and waves are
correlated; particularly, the hot spot seems to adjust the
size of the “cold” part of the mesa, making the cavity
resonance frequency and thus the frequency of emission
tunable. Given this role of the hot spot one can ask
whether the hot spot can be manipulated in a controlled
way to manipulate the THz radiation. Here we report on
such experiments, showing by LTSLM that, in rectan-
gular or arrow-shaped mesas, standing electromagnetic
waves can be turned on and off by changing the posi-
tion and/or the size of the hot spot. We also report on
THz emission and hot spot and wave formation in a disk
shaped mesa, as it has been proposed in Ref. 18.
II. SAMPLE PREPARATION AND
MEASUREMENT TECHNIQUES
For the experiments BSCCO single crystals were grown
by the floating zone technique in a four lamp arc-imaging
furnace. To provide good electrical contact the single
crystals were cleaved in vacuum and a 30 nm Au layer
was evaporated. Then, conventional photolithography
and Ar ion milling was used to prepare mesas of various
shapes and thicknesses. Insulating polyimide was used
to surround the mesa edges at which Au wires were at-
tached to the mesa by silver paste. Other Au wires were
connected to the big single crystal pedestal as grounds.
Below we discuss results from four samples. The arrow
shaped sample 1, c.f. Fig.1, consisted of three 330 µm
long and 50 µm wide rectangular subsections rotated by
60◦ relative to each other and connected at one end (the
top of the arrow). The mesa thickness was 1 µm, corre-
sponding to 670 IJJs. It was patterned on a crystal that
was annealed in vacuum at 600 ◦C for 72 hours. The
crystal had a Tc of 87.6 K and a transition width ∆Tc of
1.5 K. The mesa was contacted at the end of the main
stem of the arrow. The rectangular sample 2 was 330 µm
long, 80 µm wide and 1 µm thick. It was patterned on
a crystal (Tc = 83 K, ∆Tc = 1.5 K) annealed in 1 atm
(Ar 99%+O2 1% ) at 600
◦C for 48 hours. The mesa was
contacted at two edges, c.f. Fig.2 (a). The 330× 70 µm2
large and 0.5 µm thick rectangular sample 3, contacted
on the right edge, c. f. Fig.3(b), was surrounded by much
smaller, 10 µm wide, quadratic mesa structures consist-
ing of 15–20 IJJs. The distance of these mesas (used for
thermometry) to the main mesa was 10 µm. This sample
was patterned on a crystal (Tc = 87.6 K, ∆Tc = 1.5 K)
annealed in vacuum at 600 ◦C for 72 hours. Sample 4 was
disk shaped, with a radius of 100 µm and a thickness of
0.9 µm. It was patterned on a crystal (Tc = 86.6 K, ∆Tc
2= 1.5 K) annealed in vacuum at 650 ◦C for 65 hours. The
mesa was contacted at near its outer edge, as sketched in
Fig.4 (a).
In order to provide a load line for stable operation, the
mesas were biased using a current source and variable
resistor in parallel to the mesa, cf. Fig. 1 in Ref. 24. The
voltage measured across the mesa includes the resistance
of the contacting Au wires and the resistance between
these wires and the mesa. In the data discussed below
this resistance (typically around 5Ω) is subtracted.
LTSLM measurements were performed in Tu¨bingen.
For sample 4, additional THz emission measurements
were performed in Tsukuba.
The LTSLM setup is described in Ref. 24. In brief, the
beam of a diode laser (modulated at 10-80 kHz, spot size
1-2 µm) is deflected by a scanning unit and focused onto
the sample surface. Local heating by 2–3 K in an area of
a few µm2 and about 0.5 µm in depth causes a change
∆V (detected using lock-in techniques) of the voltage V
across the mesa serving as the contrast for the LTSLM
image. Primarily, the laser beam causes changes in both
the in-plane and the out-of-plane critical supercurrent
densities and resistivities.
Standing waves can be imaged due to the beam-
induced local change of the quality factor, leading to
a strong signal ∆V at antinodes and a weak signal at
nodes. Whether dominantly the (squares of the) electric
or magnetic field components are imaged may depend on
both the bias and the bath temperature. For Nb tun-
nel junctions the response was shown to primarily arise
from the magnetic field component31. For IJJ stacks the
situation is less clear; however, below we will show an
example (sample 4) where the LTSLM response was due
to the magnetic field.
A typical signature of the hot spot is that it grows with
increasing input power. Its edge leads to a strong (nega-
tive) LTSLM signal, while ∆V is small in the interior of
the hot spot and in the “cold” part of the mesa24.
The THz emission setup is described in detail in
Ref. 25. In brief, the crystal is mounted in a continuous
flow cryostat with a polyethylene window. The emitted
radiation is collected by a parabolic mirror, deflected to-
wards two lamellar split mirrors (one of which is mounted
on a translation stage) and finally guided to a bolometer
via a second parabolic mirror. A 1 THz cut-off type filter
is used in front of the bolometer. Either the bolometric
response was recorded directly or frequency spectra were
taken via Fourier transform of the autocorrelation func-
tion when moving one of the split mirrors. The solid
angle of the setup, defined by the aperture of the Win-
ston cone in front of the bolometer, is 0.04 sr.
III. RESULTS
In previous experiments24,25 we have seen that, using
rectangular mesas, the hot spots tend to form near the
contacting wire. Figure 1 (a) shows the more complex
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Figure 1: (color online) Optical image (a), current voltage
characteristic (b) and LTSLM images (c) to (k) of the arrow
shaped sample 1, as measured at T = 28 K.
structure of an arrow shaped mesa (sample 1) that can
be viewed as three rectangular parts connected at one
end. The current voltage characteristic (IVC), taken at
a bath temperature of 28 K, is shown in Figure 1(b).
Starting from zero current the IJJs in the mesa switch
to their resistive states at currents I between 30 mA and
35 mA. When lowering the current from high bias one
observes an instability for currents between 18 mA and
16 mA that is indicative for the disappearance of a hot
spot present at high bias. LTSLM images are shown in
Figures 1 (c) to (i), taken in the resistive state of all
junctions. For currents decreasing from 60 mA to 25 mA
one observes a ring-like feature centered around the top
of the arrow and decreasing size with decreasing input
power, c.f. Figures 1 (c), (d) and(e), the inside of which
forms the hot spot. Such a feature has been seen for
several rectangular mesas24,25. Typically, there is no re-
sponse from outside of a mesa, in contrast to sample 1,
where the hot spot can be seen even far away from the
mesa edges. However, it can happen that at the foot
of the mesa, after ion milling, there are a few weakened
CuO2 layers which contribute to the voltage measured,
making also structures visible that are outside the actual
mesa. Figures 1 (c), (d) and(e) show that, at high input
power, the hot spot is not restricted to the actual mesa
but extends far beyond it (also note the dark feature at
the foot of the arrow, which is the wire contacting the
mesa). When lowering the current, between 24 mA and
15 mA standing wave patterns appear in various parts
of the mesa. Near I =22 mA the cavity formed by the
left part of the arrow is excited [Fig. 1(f)]. At I =16.4
mA a wave is visible in the right part of the arrow and
the shaft [Fig. 1(g)], at I =16.0 mA the wave is visi-
ble only in the right part of the arrow [Fig. 1(h)] and
at I =15.0 mA the wave appears only in the shaft [Fig.
3Figure 2: (color online). Sketch of sample 2 (a) and LTSLM
data at T =20 K for various biasing conditions: (b) bias from
left, (c) bias from right, (d) symmetric bias.
1(i)]. For currents below 15 mA the LTSLM images were
smooth and neither hot spot nor wave features appeared,
c.f. Fig. 1(k). Thus, in a narrow current range the arrow
acted as a switch, generating standing waves in different
arms of the structure. This property can be understood
if one assumes that the hot spot separates the arrow ef-
fectively into three cavities which can become resonant
or not, depending on the position of the hot spot edges
adjusting the size of the cavities. In Figure 1(f) the hot
spot is clearly visible. For Figures 1(g), (h) and (i) we
cannot unambiguously tell. However, these images have
been taken very close to the instability in the IVC (kink
at 18 mA), making it likely that there is either still a
small hot spot or at least a zone very close to Tc. Stand-
ing waves appeared at voltages between 0.8 V and 0.9
V which, according to the Josephson relation, for this
670 IJJ stack would correspond to oscillation frequen-
cies between 0.55 and 0.58 THz (we have not measured
emission explicitely for this sample). From the standing
wave patterns we infer wavelengths around 100µm and
from that mode velocities c′ = fλ of (4 − 6) · 107m/s,
which is compatible with the mode velocity expected for
all junctions oscillating in-phase24,25. The oscillation and
wave properties of the arrow are thus comparable to our
observations for rectangular mesas24,25.
The data of sample 1 suggest that cavity resonances
can be turned on and off by changing the size and po-
sition of the hot spot. Thus, it should be possible to
create a similar effect in a more controlled way by mov-
ing a hot spot within a given cavity at fixed bias current.
To test this we contacted a rectangular 330 × 80 µm2
mesa (sample 2) at two edges, cf. Figure 2(a). In Fig-
ures 2(b), (c) and (d) we show LTSLM images taken at
T=40 K at a bias current of 30.4 mA. For image 2(b)
the current has been injected at the left contact. Here,
the hot spot appears as the circular structure in the left
half of the mesa and there is a clear standing wave pat-
tern in the right half of the stack. For the image 2(c)
the current has been injected from the right side. The
hot spot now appears in the right half of the mesa and
Figure 3: (color online) Current voltage characteristic at
T=25 K (a) of sample 3 (main mesa) together with optical
image (b), LTSLM images (c),(d),(e) and the critical current
of detector junctions D1,D2 and D3 vs. bias current through
main mesa (f). In (c),(d) and(e) the bias current through the
main mesa is, respectively, 42.4 mA, 28.8 mA and 18.6 mA.
the wave is situated in the left part. Finally, Fig. 2(d)
shows a symmetric situation where the current has been
injected from both edges. Here, the hot spot is centered
in the mesa and no wave appears. For these measure-
ments we have moved the hot spot at fixed bias current.
The voltage across the sample (and thus the Josephson
frequency) slightly varied for the three bias conditions,
from 0.589 V when biasing from left, via 0.577 V when
biasing from the right, to 0.619 V for the symmetric bias.
To check whether this change of voltage is the dominant
quantity for the (dis)appearance of the standing wave we
have investigated hot spot and wave formation for the
symmetric bias and the bias-from-left configuration over
a wide current range. It turned out that, for the symmet-
ric bias, we could not achieve a wave pattern at all. For
the other configuration the wave appeared over a wide
current range, from about 28 mA to 45 mA. Here, the
voltage varied between 0.51 V and 0.63 V, i.e. over a
much larger range than for the case of Figures 2(b), (c)
and (d).
The LTSLM data of the arrow shaped sample 1 fur-
ther suggested that the hot spot extends well beyond the
actual mesa structure. To test this further we have fabri-
cated a rectangular 330× 70 µm2 large and 0.5 µm thick
sample 3 which was surrounded by small mesas acting
as thermometers. These mesas were separated by 10 µm
4from the main mesa. Three of them (denoted D1, D2
and D3) worked. An optical image of the main mesa and
the surrounding detector mesas is shown in Figure 3(b).
The working detector mesas are indicated. The current
I through the main mesa is injected from its right side.
Figure 3(a) shows the IVC of the main mesa, as mea-
sured at T=25 K. At I < 10 mA a hot spot forms near
the right edge of the mesa. With increasing bias its left
edge moves to the left, as shown in the LTSLM images
3(c), (d) and (e). Fig. 3(f) shows the critical current
Ic of the three detector junctions as a function of the
current through the main mesa. As can be seen from
3(e), for I=18.6 mA the hot spot edge (at least as seen
inside the main mesa) has just passed detector D3. Ic
of this detector goes to zero at the not much higher cur-
rent I ≈ 22 mA, where Ic of detectors D1 and D2 are
still finite. At I=26.8 mA the front of the hot spot has
passed detector D2, c.f. Figure 3(d), consistent with the
observation that Ic of this detector vanishes at I ≈ 25
mA. Finally, Ic of detector D1 approaches zero near I =
45 mA. For comparison, the front of the hot spot passes
this detector for I ≈43 mA, c. f. Figure 3(c). The fact
that the critical currents of the detector junctions vanish
when being passed by the front of the hot spot, on one
hand demonstrate that our hot spot interpretation of the
corresponding feature observed in LTSLM is correct and,
on the other hand, shows that the hot spot indeed is not
restricted to the mesa itself. We further note that, for
sample 3, we could not detect standing wave features.
We now return to nonrectangular geometries and dis-
cuss data of disk-shaped sample 4 which had a radius
a of 100 µm. Disk shapes mesa structures have been
analyzed and considered promising for THz emission in
Ref. 18. In our context we are, on one hand, interested
in imaging the corresponding wave patterns. On the
other hand the question arises whether or not hot spot
formation is supporting cavity modes in this geometry.
In the disks, the c axis electric field component is given
by the time derivative of a term P˜ describing Josephson
plasma oscillations at frequency ω and having the form
P˜ (r, t) = Agmn(r) sin(ωt + ϕ), with some amplitude A
and some initial phase ϕ. In cylindrical coordinates (ρ, φ)
the function gmn(r) = Jm(χ
c
mn
ρ/a) cos(mφ) where χc
mn
is the nth zero of the derivative of Bessel function Jm.
The in-plane magnetic field is proportional to the curl of
P˜ ·ez , with the out-of-plane unit vector ez. The resonance
frequency is given by c′χc
mn
/2pia, with the mode velocity
c′. Fig. 4 (a) shows by a solid line and blue circles the
IVC of sample 4, as measured in Tu¨bingen at T =19 K
(the IVC shown by a dashed line and green circles has
been measured in Tsukuba and will be discussed below
in the context of THz emission measurements). For bias
currents between 22 mA and 25 mA there are instabilities
on the resistive branch indicative of hot spot formation24.
In addition, some of the junctions may switch between
the resistive state and the zero voltage state (indeed one
can trace out several different branches in this region by
sweeping the bias current back and forth). Figures 4
Figure 4: (color online). IVCs, as measured in Tu¨bingen
(solid line and blue circles) and in Tsukuba (dashed line and
green circles) (a) and LTSLM images (b) to (f) of disk shaped
sample 4. Bias points (refering to the Tu¨bingen IVC) where
the images have been taken are indicated by arrows. Inset in
(a) shows a sketch of the disk including the contacting lead.
Figure 5: (color online) LTSLM image (a), as measured at
I = 19.4 mA in comparison of calculated squares of magnetic
field (b) and electric field (c) of the m = 3 n = 1 cavity mode.
(b) to (f) show LTSLM images taken at different bias
points. The bias lead, attached on the left side of the
disk, as sketched in the inset of Fig. 4 (a), is visible in
all LTSLM images. Apart from this signal and edge ef-
fects (the mesas edges are not covered by gold and the
laser beam induced temperature rise is larger), for cur-
rents below 20 mA the images are smooth, c.f. Fig. 4
5Figure 6: (color online) THz emission from sample 4: (a)
enlargement of the IVC of Fig. 5(a) in the current and voltage
range where emission has been detected; (b) detected emission
power vs. voltage across mesa and (c) Fourier spectrum at a
bias of 14.9 mA and 370 mV.
(f). With further increase of current a standing wave
pattern appears (at I = 19.4 mA) having 6 nodes in az-
imuthal direction. In Fig. 4 (d), in addition a hot spot
has formed in the center of the disk which is not visible
in the image of Fig. 4 (e). With increasing current this
hot spot grows, c.f. Figures 4 (b) and (c) but no more
wave features appear. The standing wave pattern seen
is indicative of an m = 3, n = 1 mode. Here, χc
mn
=4.2.
In LTSLM the signal ∆V is proportional to either the
square of electric or magnetic field. While for rectan-
gular geometries, due to edge effects, it is very difficult
to decide which component matters, the observation of
the standing wave in the disk now allows to address this
question. Fig. 5 compares the standing wave pattern (a),
measured at I = 19.4 mA, to the calculated squares of
magnetic field (b) and electric field (c). As can be seen,
image (b) reproduces the hexagon shaped center part of
the LTSLM image much better than image (c) where the
center part is more star shaped. This strongly indicates
that the LTSLM signal is dominantly sensitive to mag-
netic field variations. In Fig. 6 we analyze the emission
detected (in Tsukuba) from this sample. Fig. 6 (a) shows
an enlargement of the IVC of Fig. 4 (a) for the current
and voltage range where emission has been detected (the
same range where the cavity resonance was seen in LT-
SLM; note however, that the IVCs measured in Tu¨bingen
and in Tsukuba slightly differ from each other, making it
difficult to precisely assign LTSLM images and emission
data). Emission peaks appear in the voltage range 330–
380 mV, c.f. Fig. 6 (b), with a maximum detected power
of about 0.8 nW. Extrapolated over 4pi this yields a total
power of order 0.25 µW which is actually almost an or-
der of magnitude below the radiation power detected for
rectangular stacks4,25. Fig. 6 (c) shows a Fourier spec-
trum of this radiation, with the sample biased at 14.9
mA and 370 mV (corresponding to LTSLM image Fig.
4(e) where no hot spot has formed yet). The radiation
peak occurs at f =472 GHz. Using the Josephson rela-
tion, f = NV/Φ0, with the flux quantum Φ0, we infer a
junction number N = 380, which only about 60% of the
600 junctions contained in the mesa, as estimated from
its 0.9 µm thickness. Thus, not all junctions participate
in radiation. Finally, from the m = 3, n = 1 mode ob-
served and from the emission frequency we find a mode
velocity of c′ ≈ 7 · 107 m/s, which is the value to be
expected when the junctions oscillate in-phase and the
temperature is not too high24. At higher bias we have
seen from Fig. 4(d) that a hot spot forms in the center
of the mesa. The resonance still corresponds to a m = 3
mode. Then, the mesa effectively might be considered as
an annular mesa, with an inner radius ai corresponding
to the hot spot radius. The resonance frequency is given
by c′χmn/2pia, where the coefficient χmn depends on the
ratio ai/a, c.f. equation (15) in Ref. 18. Depending on
n and m it can either increase or decrease as a function
of ai/a. For the m = 3, n = 1 mode, χmn is almost con-
stant for ai/a < 0.3. For the case of Fig. 4(d) the size of
the hot spot is still small, ai/a << 1, and χmn ≈ χ
c
mn
.
On the other hand, with increasing temperature in the
mesa the mode velocity c′ decreases24 and thus effectively
lowers the resonance frequency. Thus, as for rectangular
mesas, also resonance modes of disk shaped mesas can
be tuned to some extent by hot spots. However, the tun-
ability seems to be more restricted than for rectangular
geometries. At least for the sample discussed there was
no more resonance as soon as the hot spot filled a signif-
icant fraction of the stack, cf. Figs. 4 (b) and (c).
IV. CONCLUSIONS
In conclusion, we have investigated hot spot and wave
formation in a variety of different mesa geometries. To
excite a cavity mode in the mesa, the frequency of the
Josephson currents, determined by the voltage across
each intrinsic junction which in turn is determined by
the effective mesa temperature must match the cavity
resonance frequency. While the resonance condition for
a homogeneous structure is hard to fulfill in general, the
appearance of a hot spot makes the cavity modes tunable.
In rectangular mesas the hot spot often nucleates in the
vicinity of the current injection point, leaving part of the
mesa below the transition temperature Tc. The size and
also temperature of this “cold“ part is adjusted by the hot
spot position. Its resonance frequency can be tuned via
the cavity size and the temperature dependent mode ve-
locity. Indeed, we have turned on and off standing waves
by moving the hot spot using two different current injec-
tion points. In an arrow shaped geometry the hot spot
nucleated at the tip of the arrow, dividing this structure
effectively into three rectangular subsections. In each of
them standing waves could be excited, depending on the
hot spot size and position. We also have seen that the
hot spot extends well beyond the actual mesa, possibly
allowing to thermally couple to different mesas located
not too far from each other. Hot spots and waves also
appeared in a disk shaped mesa. The hot spot, formed
in the center of the mesa, effectively turns the disk into a
6ring shaped structure. These results show that controlled
hot spot formation is a powerful tool to manipulate and
tune standing waves and thus THz emission from intrin-
sic junciton stacks. It should be taken into account when
designing future tunable THz generators based on intrin-
sic Josephson junction stacks.
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